This copy is for your personal, non-commercial The following resources related to this article are available online at www.sciencemag.org
A decrease in the ratio of 18 O to 16 O (d 18 O) of sedimentary carbonate from the Bolivian Altiplano has been interpreted to indicate rapid surface uplift of the late Miocene Andean plateau (AP). Here we report on paleoclimate simulations of Andean surface uplift with an atmospheric general circulation model (GCM) that tracks oxygen isotopes in vapor. The GCM predicts changes in atmospheric circulation and rainfall that influence AP isotopic source and amount effects. On eastern AP slopes, summer convective precipitation increases by up to 6 millimeters per day (>500%) for plateau elevations that are greater than about 2000 meters. High precipitation rates enhance the isotope amount effect, leading to a decrease in precipitation d 18 T he South American Andes, stretching 7000 km from north to south with average elevations of~4 km, formed mainly through crustal thickening associated with Cenozoic subduction and convergence between the Nazca Plate and the South American Plate. Despite extensive research on the tectonic and geodynamic evolution of the Andes, the details of the timing, rate, and style of Andean surface uplift remain controversial. Recent elevation reconstructions based on fossil-leaf morphologies (1), carbonate clumped-isotope thermometry (2) , and carbonate oxygen isotopic compositions (3) suggest a rapid, recent rise of the central Andes bỹ 2.5 T 1 km during the late Miocene. However, this interpretation has been challenged by geological evidence that indicates a more protracted surface uplift history since the late Eocene [~40 million years ago (Ma)] (4-6).
The most compelling evidence for rapid rise of the Altiplano plateau is a 3-to 4-per mil (‰) decrease in the the ratio of (11) .
Precipitation d
18
O and isotopic lapse rates can be influenced by factors other than air temperature, including the water vapor source, mixing between air masses, and isotopic fractionation through mass-dependent processes (12) . At low latitudes where convective instabilities trigger heavy rainfall, the d
O of air masses is correlated to rainfall rates (isotopic amount effect). In these regions, the isotopic lapse rate can deviate substantially from the global average (13) .
The Andes figure prominently in South American climate and precipitation. Along the eastern Andean plateau (AP), orographic lifting enhances summer convective cells, leading to high rainfall amounts (14, 15) . In addition, the Andes block zonal atmospheric flow and intensify low-level flow and vapor transport via the South American low-level jet (SALLJ) (16) (17) (18) . The large influence of the Andes on regional climate has led to speculation that surface uplift caused past climate changes that substantially complicate paleoaltimetry interpretations (13, 19) .
We O occurs over the Bolivian Altiplano (<-14‰), which is due to the altitudinal and amount effects, and in southern South America (<-10‰), which is due to a latitudinal temperature effect (Fig. 1B) . In agreement with modern observations (15) , respectively, and are consistent with observed values of 2 and 3‰ km −1 (24, 25) O decreases by 5 to 10‰ and corresponds with a significant increase in precipitation (Fig. 2C) .
Our elevation (fig. S1 ). Instead, changes in d
O with surface uplift are linked to three major summertime circulation changes: (i) formation and strengthening of the SALLJ; (ii) southward shift and intensification of the Chaco Low, the subtropical high, and the midlatitude westerlies; and (iii) blocking of low-level flow to and from the Pacific Ocean (Fig. 3) .
Surface uplift causes the SALLJ to intensify and shift westward toward the Andes (Fig. 3, B and C, gray arrows). Intensification of the jet enhances low-level vapor transport from the Amazon Basin along the eastern flanks of the central Andes and into central South America. To the northeast of the Andes, the enhanced transport of isotopically enriched vapor from the Amazon leads to an increase in precipitation d 18 O (Fig. 2B) . The formation of the SALLJ with initial uplift leads to large (>400%) increases in precipitation along the central Andes (Fig. 2B) , predominantly (>90%) due to convective activity (Fig. 3, B and C). These changes in the low-level circulation with initial uplift result in an increase in vapor and rainfall d
O in the southern central Andes, despite elevation gain (Fig. 2B) .
The rise of the Andes to modern elevations of 4 km leads to blocking of low-level westerly flow from the South Pacific to the southern AP (Fig. 3A) . At low elevations (INT and LOW), anticyclonic flow transports relatively dry cool air from the Pacific Ocean to the southern AP (Fig. 3, B and C) . With increasing elevation (MOD), the convergence of warm, moist air from the Chaco region triggers convection and high convective rainfall along the eastern slopes of the central Andes (~20°to 25°S), causing d
O to decrease by >8‰ (27) (Fig. 2C) . Over the northern and southern Andes, surface uplift to modern elevations causes a decrease in rainfall d
O of 1 to 4‰ (Fig. 2C) , which is consistent with isotopic depletion through adiabatic cooling.
The changes in circulation and precipitation predicted by the GENESIS GCM, including the formation and strengthening of the SALLJ, shifting of the Chaco Low and westerlies, and intensification of convective precipitation, agree with higher-resolution climate simulations of South America (17, 18) . Higher-resolution (60-km grid spacing) regional experiments also indicate that deep convection occurs at plateau heights that are >50% of modern, or~2000 m (17). We verified this result with additional high-resolution (25-km grid spacing) regional simulations over central South America using the method of (17) . These experiments confirm that precipitation on the eastern slopes of the central Andes increases abruptly when Andean elevations reach~70% of modern elevations (Fig. 4A) .
Changes in isotopic source and amount effects with surface uplift also affect isotopic lapse rates. Over the AP, where the elevation increase in our experiments is greatest, the d 18 O lapse rate is 1.1‰ km −1 in the INT experiment, which is one-half of the MOD lapse rate (Table 1) . This result has implications for the AP uplift history, because oxygen isotope paleoaltimetry assumes that the modern d O results from changes in lowlevel winds and the onset of convective precipitation. The simulated onset of convective rainfall is supported by sedimentologic, paleontologic, and stable-isotope evidence for a shift from arid to humid conditions in the central Andes (28-31). (Fig. 1, center) . 
